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Introduction
White matter hyperintensities (WMH) is described as hyperintense in the subcortical white matter displayed on T2-weighted MRI images and fluid-attenuated inversion recovery (FLAIR) images (Pantoni, 2010) . WMH is a state of chronic hypoperfusion in the white matter, which results in demyelination as a consequence of repeated selective oligodendrocyte death (Petito et al., 1998; Promjunyakul et al., 2015; Shi et al., 2016; van Dalen et al., 2016) . The proportion of WMH in the general population aged 60 to 90 years is nearly 90% in the European population (Alber et al., 2019) , and the prevalence of WMH is as high as 70% in the Chinese population (Han et al., 2018) .
WMH has been reported to correlate closely with cognitive impairment, especially in domains of executive function, attention, and processing speed (Debette and Markus, 2010) . Many studies have addressed the association between WMH and cognitive impairment Zhang et al., 2019) , but an important issue arises, i.e., how to predict which individuals with WMH would develop cognitive impairment.
The Framingham Offspring Study revealed that WMH volume, no matter whether mild or extensive, was related to an increased risk of cognitive impairment at an age of 60 years or older . The PROGRESS study demonstrated that severe WMH load, rather than mild or moderate WMH, was an independent predictor of dementia and cognitive decline (Dufouil et al., 2009) . It should be noted that WMH has been detected in nearly 80% of the healthy elderly between 60 and 82 years old (Lampe and Kharabian-Masouleh, 2019 ) while a portion of these do not develop cognitive impairment. The relationship between WMH burden and cognitive impairment may be not linear and direct, and the potential mechanisms remain unclear.
Resting-state functional MRI (rs-fMRI) is a non-invasive imaging technique used to explore the aberrant intrinsic functional architecture of the brain, and rs-fMRI provides us with a promising viewpoint to explore spontaneous neural activity in patients with WMH. Using rs-fMRI technology, a series of resting-state networks have been identified based on the temporal correlations among intrinsic fluctuations of blood-oxygen-level-dependent signals across functionally related areas, also known as functional connectivity (FC) (Damoiseaux et al., 2006) . Among the networks, default mode network (DMN), has received increasing attention in studies on neuropsychological diseases. DMN is thought to be related to internally directed cognitions (Buckner et al., 2008) . Recent studies have found that disrupted DMN patterns had a considerable impact on cognitive dysfunction in Alzheimer's disease (Hodgetts et al., 2018) , Parkinson's disease (Diez-Cirarda et al., 2018) , and other neurological disorders (Mohan et al., 2016) . Our recent studies found both decreased and increased FC of the DMN in subjects with WMH, but havenot shown the association between the altered FC of the DMN and cognitive impairment (Liu et al., 2019a; Liu et al., 2019b) . WMH burden can be diveded into 3 grades according to Fazekas grade, and the relationship between the DMN and cognition in WMH subjects may vary depending on the burden level of the WMH. Exploring this relationship with the progression of WMH burden may contribute to the understanding of mechanisms underlying the relationship betweenWMH, DMN, and cognitive impairment. However, the impact of different grades of WMH has not been considered by previous studies.
The DMN mainly comprises the posterior cingulate cortex (PCC), the anterior cingulate cortex (ACC), lateral temporal cortex (LTC), medial temporal cortex (MTC), the medial frontal gyrus (MFG), the inferior parietal cortex (IPC), the angular gyrus (ANG), and the subcortical regions such as the thalamus (Greicius et al., 2003) .
Actually, these regions are also interconnected via white matter tracts in the structure.
The PCC, a core area of the network, is known to have monosynaptic connections with MTC and is structurally connected with the MFG via the cingulum bundle. The PCC is also connected with the IPC via the angular/lateral parietal lobule white matter tracts and the precuneus/posterior cingulate white matter tracts (Greicius et al., 2009; Khalsa et al., 2014) . In other words, the core of the DMN is also the structural core connecting other structural modules in structural networks (Hagmann et al., 2008) .
While FC strength is defined using fMRI data, structural connectivity (SC) strength can be measured with diffusion tensor imaging (DTI) parameters, such as the mean diffusivity (MD) and fractional anisotropy (FA), both of which describe the microstructural integrity of the white matter tracts.
The present study hypothesized that cognitive impairment in elderly subjects with WMH would be related not only to the DMN FC, but also to the altered integrity of the white matter tracts connecting functional modules in the DMN. Therefore, we aimed to investigate the DMN patterns and the related integrity of the white matter tracts in subjects with different grades of WMH, and to explore the relationship between cognitive impairment, the DMN FC, the DMN SC, and the WMH burden.
Participants
This research was a part of the Study on Register and the Diagnosis, Therapy and Prognosis of Cerebral Small Vessel Disease, an ongoing longitudinal study of cerebral small vessel disease conducted in the Affiliated Drum Tower Hospital of Nanjing University (Registration number:ChiCTR-OOC-17010562). All of the subjects in this study were consecutively recruited from December 2016 to September 2018, the inclusion criteria included: 1) age≥50, 2) without MRI contraindications, 3) education level≥3 years and could cooperate with neuropsychological assessments, 4) with mild to severe WMH, 5) no recent small subcortical infarction, 6) the number of lacunes ≤5, and 7) no cerebral microbleeds. The exclusion criteria were as follows: 1) parenchymal hemorrhage or subarachnoid hemorrhage; 2) history of ischemic stroke (diameter of infarct >15mm) or cardiogenic cerebral infarction; 3) large vessel diseases, such as vertebral artery or carotid artery stenosis(>75%); 4)other neurological diseases (e.g., Parkinson's disease, epilepsy, Alzheimer's disease, multiple sclerosis, and neuromyelitis optica); 5) systemic disease(cancer, shock, systemic lupus erythematosus, or thyroid dysfunction); 6) psychiatric disease; and 7) severe decline of vision or audition. A total of 116 subjects were enrolled. To explore brain network patterns related to varying burden of WMH, the subjects were divided into 3 groups according to the Fazekas rating scale (Hasan et al., 2019; Wahlund et al., 2001) : WMH Ⅰ (n=57), WMH Ⅱ (n=34), and WMH Ⅲ (n=25). All of the subjects completed a standardized study questionnaire including age, gender, years of education, and the presence of cardiovascular risk factors including hypertension, diabetes mellitus, smoking, and drinking history.
All participants were right-handed and provided written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Medical Ethics Committee at our hospital.
Imaging Analysis

Magnetic Resonance Imaging Acquisition
Magnetic resonance images were acquired using a 3.0-Tesla MR scanner (Ingenia 3.0T, Philips Medical Systems, Eindhoven, Netherlands) with a 32-channel head coil.
Tight but comfortable foam padding was used to minimize head motion, additionally a pair of earplugs was used to lessen scanner noise. Resting-state functional images, including 230 volumes, were acquired by a gradient-echo echo-planar imaging 
Image Preprocessing
Rs-fMRI preprocessing was performed using the Data Processing and Analysis of Brain Imaging (DPABI 2.3, http://rfmri.org/DPABI) software (Yan et al., 2016) , which is based on statistical parametric mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm). The first ten volumes from each subject were discarded to account for the signal equilibrium and the subjects' adaptation to the scanning noise. The remaining 220 volumes were corrected for acquisition-time differences between the slices and were subsequently realigned to the first volume.
Afterwards, the head motion parameters were calculated, and no participants head motion exceeded 3 mm in x, y, or z translation or 3° in rotation. The resulting functional data were spatially normalized to the Montreal Neurological Institute (MNI) space (using the mean EPI image as the source volume), resampled into 3×3×3 mm voxels and smoothed with a Gaussian kernel of 6×6×6 mm. Removal of confounding signals, such as Friston-24 head motion parameters, white matter, cerebrospinal fluid, and whole brain, from the smoothed functional images were performed via regression analysis following these procedures.
The DICOM images of DTI were firstly loaded into FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), the images were corrected for eddy current distortion and head motion, and then the b matrix was reoriented accordingly. The tensor model was fitted using a nonlinear least square fitting procedure. Finally, the scalar maps including FA and MD were calculated and exported using Diffusion Toolkit (www.trackvis.org, version 0.6.4.1). The whole brain tractography was performed with an FA threshold of 0.2 and an angle threshold of 45° and was afterwards imported into TrackVis (www.trackvis.org, version 0.6.1) for virtual dissections.
FC Analysis
Seed-based FC analysis was used to construct the resting-state DMN. We selected 6mm radius spheres centered at the PCC (MNI space: −2, −45, 34), which served as the seed region for the DMN. For each subject, a mean time series of PCC was computed as the reference time course for the DMN. Pearson cross-correlation analysis was applied between the seed time course and the time course of the whole brain voxels, and then the Fisher's z-transformation was used to improve the normality of the correlation coefficients. Ultimately, the FC map of each subject was obtained. To construct the DMN, a one sample t-test was used to identify the brain regions that positively correlated with the PCC in all subjects. The threshold was set at a corrected P < 0.001, determined by Monte Carlo simulation for multiple comparisons (voxel-wise P < 0.001, FWHM = 6 mm, cluster size >486 mm 3 ). The binary image of the result served as the mask for subsequent intra-DMN analysis. A one-way ANCOVA was performed on maps of three groups using the Resting-State fMRI Data Analysis Toolkit (REST, http://www.restfmri.net), with age, gender, and years of education as covariates. The result was corrected by Monte Carlo simulation with settings of voxel-wise P<0.01, FWHM = 6 mm, and cluster size>1215mm 3 .
Finally, the average FC strength of each significant region was extracted in each group for further analysis.
Tractography and Virtual Dissections
Regions of interest (ROIs) were selected based on the functional analysis. The PCC was the beginning point and significant regions in the FC analysis were end points.
Virtual in vivo dissections of the tracts between the ROIs were performed with
TrackVis after the corresponding masks of the ROIs were imported into the software.
The mean FA and MD between the ROIs were automatically calculated in all subjects.
Fazekas Visual Rating Scale
Two neurologists independently assessed FLAIR sequences and scored the WMH using the Fazekas scale: 0-absence, 1-focal lesions, 2-beginning confluence of lesions, and 3-large confluent areas or diffuse involvement of the entire region. The intraclass correlation coefficients for inter and intra-observer agreements were >0.90.
Brain and WMH Volumetry
Briefly All statistics were performed with SPSS v21.0, and the significance level was set at P< 0.05. Table 1 summarizes the participants demographic and neuroimaging characteristics. Gender, education, history of diabetes, smoking and drinking history, and the number of lacune were comparable among the three groups. Notably, the subjects in the WMH Ⅱ and WMH Ⅲ groups were obviously older and more hypertensive than the subjects in the WMH Ⅰ group. Table 1&Figure 1 also showed that higher Fazekas scores were highly correlated with a higher WMH volume (r=0.920, P<0.001). In the ordinal multi-categorical regression analysis (Table 2) , hypertension was an independent predictor of WMH severity, and controlling for age, individuals with hypertension had an odds ratio (OR) of 3.077(95% confidence interval (CI): 1.245-7.606) for one grade higher on the Fazekas scale.
Results
Demographics, Neuroimaging and Neuropsychological Data Analysis
As shown in Table 3 , subjects in the WMH Ⅱ and WMH Ⅲ groups displayed lower scores for global cognitive function (MMSE and MoCA) as compared to the WMH Ⅰ group, they also showed worse performance in each domain of cognitive function (processing speed, executive function, episodic memory, and language), and the discrepancy was more apparent in the WMH Ⅲ group.
FC Analysis
Spatial Patterns of DMN
A one-sample t-test showed the typical spatial pattern of the DMN in all subjects (voxel-wise P < 0.001, FWHM = 6 mm, cluster size >486 mm3) ( Supplementary   Figure 1) . The PCC-based DMN pattern of the participants included PCC, ACC, ANG, IPC, LTC, MTC, MFG, superior frontal cortex (SFC), and thalamus.
Group Differences in DMN
Compared with the WMH Ⅰ and WMH Ⅱ groups, patients in the WMH Ⅲ group displayed prominently increased FC mainly involving the MFG, while there was decreased FC in the thalamus (Figure 2A) . Detailed information about the brain regions is available in Table 4 . FC values extracted from the MFG and thalamus showed no significant difference between the WMH Ⅰ and WMH Ⅱ groups ( Figure   2B&C ).
Correlation Analysis
For subjects in the WMH Ⅲ group, a significant correlation was found between FC strength in the MFG and episodic memory [r=-0.467, P=0.029; 95% CI (-0.796, -0.034) , Figure 3A] . A strong positive relationship was observed between FC strength in the thalamus and language [r=0.502, P=0.017; 95% CI (0.084, 0.763), Figure 3B ].
Interestingly, the higher the FC strength in the thalamus, the less time spent in processing speed [r=-0.528, P=0.012; 95% CI (-0.800, -0.167), Figure 3C ] and executive function [r=-0.504, P=0.017; 95% CI (-0.802, -0.178), Figure 3D ].
Nonetheless, there was no significant effect of FC in the MFG or thalamus on visual spatial function.
Microstructural Changes of White Matter Tracts
Selection of ROIs
PCC was the beginning point, meanwhile, the thalamus and MFG were chosen as end points based on the results of FC analysis. Fiber tracts were identified between the PCC and thalamus, while few fiber tracts were detected between the PCC and MFG.
Given that the MFG was associated with episodic memory in FC analysis and previous studies of fiber tract connections between the DMN brain regions indicated that there was cingulum hippocampal projection between the PCC and hippocampus 23 , thus memory related hippocampal region was selected as another ROI.
Microstructural Integrity of Fiber Tract Connection
As shown in Table 5 and Figure 4A , the mean FA value of the PCC-hippocampus in the WMH Ⅲ group was the lowest among the groups, even though it did not reach statistical significance. Figure 4B shows that the mean MD value of the PCC-hippocampus in the WMH Ⅲ group was apparently higher than the former two groups. A similar trend was also observed in the white matter tracts from the PCC to thalamus (Table 5, Figure 4C&D ).
FC and SC as Independent Predictors for Cognitive Impairment
After adjusting for confounding variables (age, gender, and years of education), the increased MD value of the PCC-hippocampus (β= -2575.319, P=0.040) and
increased FC of the PCC-MFG (β=-2.560, P=0.006) were respectively independent risk factors for the decline of episodic memory in the WMH Ⅲ group (Table 6 ). In addition, the increased MD value of the PCC-thalamus (β=6470.015, P=0.030) and
reduced FC of the PCC-thalamus (β=-4.294, P=0.007) were associated with slower speeds in independent task processing ( Table 7) .
The present study investigated the FC and SC patterns of the DMN in WMH subjects, and the relationship among FC, SC, and cognitive impairment. We demonstrated that the WMH burden could be exacerbated by aging and hypertension, and the accumulation of WMH burden was associated with altered FC and SC strength within the DMN. Notably, at the phase of severe WMH load, the network function was significantly broken down and the aberrant FC and SC between the PCC and thalamus were independent risk factors for slower processing speeds, and the aberrant FC of the PCC-MFG and SC of the PCC-hippocampus were indicative of memory decline.
Consistent with prior studies (Croall et al., 2018; Tully et al., 2017) , the baseline characteristics implied that both hypertension and aging were strong predictors of a high WMH burden. Cerebral small vessel disease is known to be age-related and is closely related to vascular risk factors, including hypertension. The pathogenesis of hypertension includes loss of smooth muscle cells, vessel wall thickening, and lumen restriction (Pantoni, 2010) . These pathological features result in reduced cerebral blood flow, impaired cerebral autoregulation, and subsequent ischemia (Sam et al., 2016) . Ischemia, as a consequence of reduced cerebral autoregulation, has been confirmed to result in both demyelination and Wallerian degeneration (Kern et al., 2017) , and correlates with the severity of the WMH (Duncombe et al., 2017) . Given the important role of hypertension, antihypertensive therapy improving cerebral blood flow is a major area of interest in the treatment of cerebral small vessel disease.
In this study, we found that subjects with a higher WMH burden displayed worse episodic memory, and impaired episodic memory could be related to the increased FC of the PCC-MFG and decreased SC of the PCC-hippocampus. PCC, the core region of the DMN, has the highest metabolic activity during rest and serves as a principal node to cognitive function. Previous studies found that the PCC plays a central role in supporting internally directed cognition and shows increased activity when individuals perform memory retrieval tasks (Buckner et al., 2008; Leech and Sharp, 2014) . Patients with amnestic cognitive impairment displayed reduced metabolism in the PCC when compared with healthy subjects (Alexander et al., 2002; Buckner et al., 2005) . The MFG encompasses a series of areas that lie along the frontal midline and belongs to the cortical midline subsystem. In the present study, higher FC of the impaired balance between synaptic excitation and inhibition, and the loss of the ability to inhibit activities in the MFG (Bakker et al., 2012; Duverne et al., 2009 ). This might explain the link between impaired episodic memory and the increased FC of the PCC-MFG. However, several studies found that increased activity or FC in the frontal cortex was associated with better cognitive function in healthy older subjects (Obler et al., 2010; Wierenga et al., 2008) and subjects at risk for dementia (Ye et al., 2017a; Ye et al., 2017b ), suggesting that the increased activity or FC might reflect a compensatory recruitment or reallocation of cognitive resources. The compensation may occur in normal aging and the early phase of neurodegenerative diseases.
However, as the disease progresses, persistent hyperactivity and hypersynchrony may become harmful for cognitive function. In the present study, the harmful hypersynchrony between PCC and MFG was shown in the WMH Ⅲ group, which had the heaviest burden of WMH. The hippocampus plays a major role in memory function, and the interaction between the hippocampus and other brain regions involves in the formation, consolidation, and retrieval of episodic memory (Lavenex and Amaral, 2000; Nyberg, 2017; Nyberg et al., 2000) . Thus, the decreased SC of the PCC-hippocampus in WMH subjects might have contributed to the impaired episodic memory in the present study. On the other hand, the medial temporal subsystem mainly supports memory retrieval processes. The MTC and MFG appear not to have any direct structural connections, but functional connectivity could exist in the absence of structural connections (Greicius et al., 2009) . It is notable that the PCC may mediate and coordinate functional connections between the two regions (Greicius et al., 2009) . We found a link between impaired episodic memory and increased FC of the PCC-MFG in subjects of the WMH Ⅲ group but did not observe a link between impaired episodic memory and the altered FC of the PCC-MTC. Thus, we assume that the increased FC of the PCC-MFG could be more sensitive in detecting the decline of memory than the FC of the PCC-MTC.
The present study also found that the FC and SC of the PCC-thalamus was destroyed with the progression of WMH burden and was related to the decline of processing speed. Previous studies have classified the thalamus as a part of the DMN, and many thalamic nuclei show strong functional connectivity with at least one additional cortical network, such as the dorsal frontoparietal network or sensorimotor network (Hwang et al., 2017) . The thalamus is capable of integrating information across multiple functional brain networks according to behavioral context. Accordingly, processing speed reflects ability in the interaction of cognitive processes which are essential for higher order cognitive and mental function. Actually, localized atrophy of the thalamus was related to slower cognitive processing speeds in patients with multiple sclerosis (Bergsland et al., 2016; Bisecco et al., 2018) and Type 2 diabetes mellitus . Thus, the interaction of the thalamus and other regions play an important role in processing speed. In the present study, damage to the FC and SC between the thalamus and PCC might break down the process of receiving and transmitting signals and as a result, decrease processing speed.
Several limitations should be addressed. First, our study was performed on cross-sectional data. Whether there were causal effects should be explored with longitudinal data. Second, the sample size was relatively small, and our findings should be confirmed with a larger sample. Third, the thalamus can be divided into multiple thalamic nuclei, but we did not perform analyses on each thalamic nucleus. It is not known whether all thalamic nuclei serve as primary hubs to support cognitive functions.
Conclusion
The present study demonstrated that the accumulation of WMH burden was associated with increased FC of the MFG-PCC, decreased FC of the thalamus-PCC, and disrupted SC of the PCC-hippocampus and PCC-thalamus. These aberrant FC and SC were independently associated with slower processing speeds and a poorer memory. Our findings may help to understand the mechanisms underlying the onset of cognitive impairment in WMH subjects, and to explore novel brain markers of vascular cognitive impairment. [ZDXKA2016020]. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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Figure Legends
Figure1
Scatterplot showing the association of Fazekas scale scores and WMH volume [lg(ml)]. Fazekas scores were significantly correlated with WMH volume (r=0.920, P<0.001). Abbreviations: WMH, white matter hyperintensities.
Figure2
The 
Figure 4
Comparison of FA or MD values across three groups. (A) The mean FA value of the PCC-hippocampus in the WMH Ⅲ group was the lowest among the groups, even though it has not reached statistical significance. (B) The mean MD value of the PCC-hippocampus in the WMH Ⅲ group was significantly higher than the former two groups. (C) The mean FA value of the PCC-thalamus was significantly lower than the former two groups. (D) The mean MD value of the PCC-thalamus was significantly higher than the former two groups. *: P<0.05. Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; PCC, posterior cingulate cortex; WMH, white matter hyperintensities. 
